Cell locomotion begins with a protrusion from the leading periphery of the cell. What drives this extension? Here we present a model for the extension of cell protuberances that unifies certain aspects of this phenomenon, and is based on the hypothesis that osmotic pressure drives cell extensions. This pressure arises from membrane-associated reactions, which liberate osmoticallv active particles, and from the swelling of the actin network that underlies the membrane. Cells possess several mechanisms for exerting forces on their surroundings. In particular, a number of mechanochemical enzymes have been identified, including myosin, dynein and kinesin; other molecules will probably be identified in the future. All of these molecules share a common characteristic: they enable the cell to exert only contractile forces. This is a puzzling situation, since in order to move about cells must also be capable of generating protrusive forces. Placing cells in hypertonic media seems to suppress all protrusive activity, suggesting that protrusive force generation may be produced by simple osmotic pressure (Harris, 1973; Trinkaus, 1984 Trinkaus, , 1985. But osmotic pressure is an isotropic force: it acts equally in all directions. Therefore, in order to use pressure for protrusion, the cell must devise means to focus the force in particular directions. In the next section we propose a mechanism by which osmotic forces drive cell protrusion, and which is coordinated with the polymerization of the actin network that fills such protrusions. This model is an extension of two previous models we have proposed for lamellipod and acrosomal extension.
with protrusive activity, there seems to be a general feeling that this polymerization can 'push' the cell periphery outwards. Upon closer examination, however, this idea seems untenable, for there is no evidence that the event of actin polymerization is associated with any conformational change that could produce a mechanical force, such as that produced by myosin head movements. But if the chemical process of polymerization cannot itself generate a protrusive force, how can one explain the intimate association of actin polymerization with protrusive activity? We propose here a physicochemical mechanism for resolving this apparent paradox. Our model is built on the notion that the processes involving actin polymerization upset the local osmotic pressure equilibrium, and it is this unbalanced osmotic force that drives protrusion. However, there are several ways in which a cell can generate and control an osmotic pressure differential. We begin with a particularly simple system: the acrosomal process in the sea cucumber, Thyone.
Elongation o f the acrosom al process in Thyone
One of the most dramatic examples of cell protrusive activity is the elongation of the acrosomal process in the sperm of echinoderms. In the sea cucumber, Thyone, the acrosome can extend 90 fim in less than 10 s. The acrosomal process is filled with actin fibres; Tilney & Kallenbach (1979), on the basis of evidence cited below, concluded that actin polymerization must drive the elongation process. As we will show, however, it turns out that actin polymerization is too slow to account for the dramatically rapid growth of the Thyone acrosomal process, and so we present an alternative explanation (Oster et al. 1982) : that osmotically generated hydrostatic forces drive the extension and that actin polymerization acts to form and stabilize the tube-like shape of the growing structure. That is, actin ultimately forms a rigid supporting structure that allows the acrosome to keep its shape once equilibrium is reached, but actin polymerization does not push the acrosome outwards.
D oes actin polym erization drive acrosom al extension? Fig. 1 is a schematic illustration of the acrosomal reaction in Thyone. When the sperm comes in contact with the jelly coat of an egg the acrosomal reaction is initiated. The acrosomal vacuole fuses with the plasma membrane, and actin monomers stored in the periacrosomal cup begin polymerizing from the actomere, a nucleation site on the cell nucleus (Tilney et al. 1983 ). Once nucleated, filaments grow outward from the actomere. Labelling with myosin subfragment 1 indicates that the growing fibres are unidirectionally polarized with their barbed end oriented toward the plasma membrane (Tilney & Kallenbach, 1979) . The actin within the periacrosomal cup is not free, but is complexed with profilin and two other actin binding proteins to prevent spontaneous nucleation within the periacrosomal cup (Tilney et al. 1983 ).
Experiments by Tilney & Inoue (1982 , 1985 show that, as the acrosome grows, its length increases in proportion to the square root of time, a dependence that is generally characteristic of diffusion processes. If monomer has to diffuse from the periacrosomal cup to the growing tip of a fibre before it can polymerize, one might expect the rate of fibre growth to be limited by the rate of monomer diffusion, and hence the length of the fibres would increase as the square root of time. If this is the Physics of cell motility Fig. 1 . A. A schematic diagram of the acrosomal process in Thyone. The acrosomal process grows from the acromere, a nucleating structure at the base of the acrosomal cup, which contains concentrated actin-profilin complexes. B. Upon activation, the mem brane of the acrosomal vesicle fuses with the plasma membrane and there ensues a rapid influx of water into the acrosomal cup, doubling its volume in some 70 ms. The acrosomal cup is filled with profilin-actin complexes, which diffuse to the growing tip, dissociate, and the G-actin polymerizes onto the ends of the actin fibres. The acrosomal process extends some 90 /im in less than 10 s (see Tilney et al. 1978; Tilney & Inoue, 1982 , 1985 Oster et al. 1982) . Note the bulbous tip region, which may indicate osmotic swelling in this region. C. A schematic diagram of the model acrosome. After inflation by osmotic influx of water, Jv, the acrosomal cup has a volume V'= 10_1J cm3. Because of the elasticity of the cup, there is a hydrostatic pressure, pB. Experiments by Dan et al. (1964 Dan et al. ( , 1967 on the early events in the acrosomal reaction demonstrated that in the sea-urchin sperm there is roughly a threefold volume increase in the region occupied by actin, and an even larger increase in volume in starfish sperm. Inoue & Tilney (1982) found that within 50-70 ms after induction, the volume of the acrosomal region nearly doubles and there is a precipitous drop in the refractive index of the periacrosomal region. Taken together, these data indicate that there is a considerable influx of water into the periacrosomal region of the sperm (see also Green, 1978). We believe that such a rapid water influx could create a temporary hydrostatic pressure increase, which could extend the acrosomal process. The rapid water influx could be considered analogous to taking a deep breath when about to blow up a balloon, and then exhaling, which relieves the increase in pressure and inflates the balloon, analogous to the extending acrosomal process. Oster et al. (1982) constructed a detailed mechanical model for such a mechanism. This model for acrosomal elongation assumes that a pressure differential drives the elongation. Interestingly, the model also predicted that the length of the acrosome should grow in proportion to the square root of time. Further they were able quantitatively to fit the data of Tilney & Inoue (1982) for the rate of acrosomal extension with their data. Because the mechanical properties of the acrosomal membrane have not been measured, there is still some uncertainty as to whether the parameter values Oster et al. chose to fit the data are realistic. However, this modelling exercise does show that hydrostatic pressure can drive acrosomal elongation at realistic rates. In order to test these predictions, Tilney & Inoue (1985) varied the tonicity of the medium outside the sperm. As predicted by the model, increasing the osmolarity of the medium, which would reduce the osmotic driving force for water inflow and hence the subsequent hydrostatic pressure increase, decreased the rate of acrosomal elongation and the final length the process obtained. At a tonicity of 1-5 times that of normal sea water acrosomal process formation is Physics of cell motility (1982, 1985) ; the continuous line is computed from the osmotic model (see Oster et al. 1982 , for the exact parameter values employed in the simulation). The broken line is computed from the diffusion-limited polymerization model (Perelson & Coutsias, 1986) . Even assuming polymerization is instantaneous, the slope of the diffusion model is less than 35/im2s , compared with 960fim2s_l for the experimental points. Therefore diffusion-limited polymerization of actin at the tip of the acrosome cannot drive the extension process fast enough. completely inhibited. Conversely, decreasing the tonicity of the suspending medium (which should increase the osmotic driving force) led to an increased rate of acrosomal elongation and increased the final length of the process.
Water inflow into the acrosome is a transient process. Thus it can create the force necessary to extend the acrosome, but it cannot maintain that force. The pressure will eventually equalize throughout the system, and unless a cytoskeletal rearrange ment occurs, the acrosomal process cannot remain extended. However, during its transient existence the hydrostatic pressure imbalance can do more than simply extend the membrane of the acrosome: it can also drive flows of cytoplasm up the acrosome and hence transport profilactin at a rate that is greater than that attainable by pure diffusion. At this increased rate of transport actin polymerization could keep up with the growth of the acrosomal process, so that the acrosome always appeared to be filled with actin filaments.
Simulation of the model acrosome. The model acrosome is shown schematically in Fig. IB ; the equations are given in Appendix 2. Fig. 2 shows a plot of the square of the acrosome length as a function of time. The osmotic pressure model can fit the data quite well, for the frictional drag forces on the acrosomal cylinder conspire to produce a linear L 1 versus t plot just as a pure diffusion process would (cf. Appen dix 1).
Data from Tilney & Inoue (1985) show that varying the osmotic environment of the sperm changes both the extension rate and the maximum length of the acrosomal process. The osmotic model is capable of simulating the extension rate quite well (Perelson & Oster, unpublished data); however, this should not be taken as p ro o f that the acrosome is driven by osmotic pressure from the acrosomal cup. We can only make two claims. First, simple diffusion of actin is not fast enough to account for the extension rate. Second, the osmotic model can account for the linear relation between the square of the length and time as well as the dependence of the slope on external osmolarity. At the very least, the success of the model in fitting the data should call attention to controlled osmotic forces as a general mechanism for cell protrusion. With this encouragement, we shall outline below a model for other kinds of extension processes in motile cells. First, however, we shall investigate a modification of the above model that incorporates some additional considerations, which may explain the bulbous tip of the acrosomal process (see Fig. IB ).
Osmotically coupled polym erization. In the above model the driving force for elongation was generated in the acrosomal cup by its large concentration of profilactin. This may not be the complete story, however. In order to form actin filaments, actin-profilin complexes diffuse to the tip of the acrosome where they dissociate into actin and profilin, the actin adding to existing filaments and extending them (Tilney et al. 1983 ). Why does the actin-profilin complex dissociate only at the acrosome tip? One possibility is that there are cleaving enzymes associated with the tip structure. In this connection, Lassing & Lindberg (1985) showed that the inositol lipid, phosphatidylinositol 4,5-bisphosphate (PIP2) can mediate the cleavage of profilactin into actin monomer and profilin. This cleavage increases the particle number at the membrane and, coupled with consequent counterion changes, may drive an osmotic influx of water at the growing tip of the acrosome. One might expect the tip to take on a slightly bulbous shape due to this water influx, and indeed this is observed (Tilney & Inoue, 1982 , 1985 .
In order to quantify possible osmotic effects associated with dissociation of profilactin, we have developed a model for acrosomal extension that couples osmotic drive due to profilactin dissociation and actin polymerization. We call this process osm otically coupled polym erization (Fig. 3) . We assume that profilactin stored in the base of the acrosome diffuses to the tip of the growing acrosome. At the tip it is cleaved (e.g. by PIP2) into actin and profilin. The free actin diffuses within the acrosome and adds to filament free ends via a reversible reaction. The free profilin also diffuses within the acrosome away from its source of generation, the acrosomal tip. The tip of the acrosome is assumed to move outwards due to the generation of an osmotically driven inflow. We impose volume conservation so that each /¿m3 of water that enters increases the volume of the acrosome by the same amount. As space is created and actin monomers released, actin filaments are able to elongate until they reach the membrane. The equations describing the model are given in Appendix 3 (full details of the model will be published elsewhere). The osmotically coupled polymerization model. Actin-profilin complexes diffuse to the plasma membrane where they are cleaved by the enzyme, E, to G-actin and profilin. The particle gain creates an osmotic influx, J v, which drives the boundary, b(t) to the right at velocity db/dt. The G-actin polymerizes onto the fibres, F, which grow at a rate da/dt.
Physics of cell motility
Preliminary simulations of this model indicate that, as a model for acrosomal elongation, it suffers from the same diffusional limitations as does the pure polymerization model of Appendix 1. That is, the rate of diffusion of profilactin from the periacrosomal cup to the membrane limits the rate of elongation of the acrosomal process below that observed by Tilney & Inoue. If enough osmotically active particles are created at the tip per profilactin cleaved, then the acrosome will be able to elongate at speeds consistent with observation. However, under such circum stances the actin fibres will not be able to keep up with the elongating membrane and a gap will form between the two. A combined model, which takes into consideration convective transport of prolifactin to the tip, due to osmotic water inflows at the base, along with osmotic extension of the tip due to reactions associated with the cleavage of profilactin, may well be able to account for all of the experimental observations. We shall report on this model elsewhere. Indeed, it is likely that the acrosome extension is driven by a two-step process, the initial extension being driven by the hydrostatic pressure generated at the base, and the final stages by the osmotic influx at the tip.
While our analysis of the acrosomal process demonstrates that osmotic forces are physically capable of driving the acrosomal extension, it does not prove that acrosomal elongation actually works this way; this issue can only be settled experimentally. For protuberances, such as microspikes and lamellipodia, which grow much more slowly than the acrosome, the speed of diffusional transport of profilactin to the growing membrane would not be limiting, and the osmotically coupled polymerization model may be appropriate. In any event, such a model is useful for it provides a unified view of how force generation and actin polymerization are coordinated during cell locomotion.
Protrusion o f the cell periphery: m icrospikes an d lam ellipodia
Two common locomotory appendages are lamellipodia and microspikes. Lamelli podia are broad, flat cytoplasmic sheets, filled with an actin network, and largely devoid of other organelles. Microspikes are slender protuberances that resemble the acrosomal process, except that the actin fibres do not terminate in an electron-dense cap, as in the acrosome, but flare into a meshwork gel, i.e. they often appear to terminate in tiny lamellipodia. Typically, microspikes and lamellipodia are extended and retracted during motile activity; when they adhere to the substratum, the retractive forces pull the cell forward. Frequently, a neural growth cone will advance by 'filling in' a lamellipod web between two microspikes. Here we shall present a model for the protrusion of these organelles, but we shall not address the problem of attachment or of subsequent retraction.
In a previous model for lamellipodia we suggested that the swelling of the actin gel could drive protrusion (Oster, 1984; Oster & Perelson, 1985) . Since then, however, the role of inositol lipids regulating protrusive activity has received much attention. In the light of these recent findings we propose an elaboration of our earlier model*. membrane generates a bending moment that can be several orders of magnitude above kT. This bending moment can buckle the membrane outwards if the local concentration of DAG is sufficiently high. While we do not believe this effect is very important in cell protrusion, we do not have enough information to discount its importance. (2) Intel facial osmotic effects. The receptor-ligand signal initiates several reactions that result in the release of osmotically active particles at the cytoplasmic face of the plasma membrane. These arise from the following sources: (a) PIP2 can cleave profilactin into actin and profilin, resulting in a net doubling of the particle count (Lassing & Lindberg, 1985) . We note in passing that, since G-actin is negatively charged and profilin positively charged, there can be a counterion osmotic effect; its magnitude will depend on the titration properties of the macromolecules. Unfortunately, there seems to be little titration data on cortical proteins, (b) Cleavage of PIP2 releases IP3 into the cytoplasm. This hydrolysis may also expose charge, which will induce counterions that are osmotically active.
2. Calcium release and remodelling of the cortical actin gel. IP3 releases sequestered calcium from the endoplasmic reticulum (Berridge, 1986) . Ip3 (i.e. Ins(l,4,5)P3) is thence phosphorylated to IP4 (i.e. Ins(l,3,4,5)P4). This appears to open Cai+ channels in the plasma membrane, which may serve to replenish the release of internally sequestered Ca2+ (Houslay, 1987) . While this rise in cytosolic Ca2+ also produces an osmotic effect, it is likely to be negligible compared to the osmolarity of the cortical cytoplasm. The rise in cytosolic Ca2+ produces a number of important mechanical effects on the actin network adjacent to the plasma membrane (cf. Fig. 5) . (1) The elastic modulus of the cortical cytogel is regulated bv solation and gelation proteins. An important class of cortical proteins regulates the degree of gelation of the cortical actin. For example, gelsolm binds two Ca ions, which appear to activate it to bind one or two actin monomers. With one bound actin, the actin-gelsolin complex (AGs) can sever actin filaments and cap the (barbed) ends, thus preventing further elongation from the barbed ends. However, monomers can still add to the free (pointed) ends, since the concentration is probably above the critical concentration for elongation. Moreover, with two bound actins the complex (A2GS) can nucleate the growth of new filaments. The net effect is an increase in Factin. Because of excluded volume effects, this probably causes a rise in osmotic pressure (K. Zaner, personal communication; Minton, 1983) . More importantly, severing of the network weakens its elastic modulus, which enables it to expand under its gel osmotic pressure (Oster, 1984; Oster & Perelson, 1985) . There are a number of other actin solation and gelation factors. However, for the purpose of modelling the cortical cytogel we can lump them all into a surrogate substance that can modulate the gelation state, and thus the elastic modulus, of the cytogel.
It is worth emphasizing that the osmotic pressure of a gel is different from the interfacial osmotic pressure generated by the collisions of solute particles with a membrane interface. Solute osmotic pressure induces water influx through the plasma membrane, and the resulting hydrostatic pressure is distributed uniformly over the cell. Gel swelling, however, is localized to the vicinity of the network disruption (Oster, 1984) . (2) (ABP) are crosslinking the strands and reannealing the gel (ABPs are generally calcium-independent). Thus, the shift in gel-sol equilibrium results in remodelling of the network: first, it swells under its internal osmotic pressure as the fibres are severed, then it resolidifies as the new and remodelled fibres are crosslinked. (3) Other calcium-stimulated events. In addition to the foregoing events, the rise in cytosolic calcium also initiates many other reactions. Two that are relevant to protrusion are: (a) Contraction of the gel. Calcium release initiates phosphorylation of myosin light chain kinase, which leads to contraction of the gel. This is a slower process than protrusion; however, we shall not deal with this phase of the motility cycle here (Oster, 1984) . (b) Exocytosis of vesicles. In many systems calcium stimulates exocytosis of membrane vesicles (Moore et al. 1987) . Since protrusion necessitates an increase in the membrane area of the leading periphery, new membrane must either be inserted at the protuberance, or there must be surface flow of lipid into the region (Bretscher, 1984) . Indeed, solation of the cortical cytoskeleton may facilitate the insertion of vesicles into the plasma membrane (Perrin et al. 1987) .
The mechanochemical events listed above are summarized in Fig. 6 and Table 1 . The theory cannot predict what fraction of the protrusive force arises from each of these processes: this will have to be settled by experiments.
A dynamical model for cortical protrusion. The cortical chemistry that ac companies protrusion is quite complex, and the description we outlined above will certainly have to be extended as more details become known. However, since our focus is on the physics of protrusion rather than the chemistry, we can give the following scenario for extension of the cell periphery (cf. Fig. 7A) . A complete mathematical treatment and numerical study of the model will be presented elsewhere; however, the equations of motion are very similar to that described in Appendix 3 for the acrosome model, with an additional contribution from swelling of the solated actin gel, a contribution probably not present in the acrosome.
Profilactin is free to diffuse in the cytoplasm. We regard the cytoplasmic face of the plasma membrane as a catalytic surface, where actin-profilin complexes are split (e.g. by PIP2). There is a net particle gain at the cytoplasmic interface due to this cleavage and through the release of other osmotically active particles (e.g. IP3) . The effect of this release is to draw water in through the leading edge. (In writing the model equations, the net particle gain, including the counterion contributions, is incorporated into the osmotic coefficients of the actin and profilin.) Meanwhile, the actin network is being solated by the calcium-activated solation factors (e.g. gelsolin). This leads to an osmotic expansion of the network as its elastic modulus is weakened (Oster, 1984) . The combined effects of the two osmotic forces push the leading edge outwards. In the model calculations we have not explicitly included membrane insertion coupled to the calcium release, nor have we modelled the growth and reannealing of the network due to nucleation and crosslinking. The effects of these processes are sufficiently complex to require separate treatment.
DISCUSSION
The physical chemistry underlying cell protrusion is quite complex, with reactions involving not only cytoskeletal components, but membrane-associated reactants as well. We have attempted to cut through this complexity by focusing on the mechanical forces that drive cortical extensions. We propose that osmotic forces of two sorts power these motions. First, interfacial osmotic pressure is generated on the cytoplasmic face of the plasma membrane by the release of osmotically active particles into the cytoplasm. Some of these reactions probably involve the inositol lipids, since PIP2 is known to cleave profilactin into profilin and G-actin, and is itself G. F. Oster and .4 
. S. Perelson
and enabling it to expand due to its gel osmotic swelling pressure. In addition to solating the gel, solating factors create free growing ends and new nucleating sites for the growth of actin fibres. Therefore, the expanded network can be quickly reannealed into a stable dilated configuration by crosslinking proteins such as ABP. Indeed, without reannealing the protrusion formed by the osmotic forces would collapse, as happens during the formation of blebs.
In order to investigate this scenario, we have modelled a simple protrusive system: the acrosome of Thyone. We find that osmotic forces can reproduce the experimental observations. The model is entirely consistent with the observation that increasing external osmolarity slows the extension process. Moreover, we can show that a process that involves only actin polymerization at the growing tip, with actin monomers supplied by diffusion, cannot match the speed of extension.
Finally, our analysis suggests that, using the inositol lipid pathway, cells can control local osmotic conditions so as to achieve directed locomotion in response to external stimuli. If this view has merit, it may suggest some new experimental interventions, and help explain the ubiquitous inhibition hyperosmotic conditions impose on cell protrusive activity.
APPENDIX 1

Diffusion is not fa s t enough to drive the acrosom al process
Perelson & Coutsias (1986) provided a detailed mathematical analysis of diffusionlimited actin filament growth. They analysed two models, one first presented by Tilney & Kallenbach (1979) and based on work of Hermans (1947), and a more realistic model that includes the reversibility of the polymerization reaction and the required movement of cytoplasm into the acrosome as it grows. Both models lead to roughly the same conclusion; here we present only the simpler analysis.
Assume the periacrosomal cup contains monomer at concentration c0. For simplicity we shall assume Cq remains constant throughout the growth process. This will overestimate the rate of acrosomal elongation, since depletion of monomer would slow down the growth process. Further, we assume that a set of fibres are nucleated and begin growing in one dimension from x = 0 to a position x = L (t) at time t. Monomer must diffuse from the reservoir at x = 0 to the fibre tip at x = L {t), where they can add to the end of the fibre and extend it. To calculate the maximal possible rate of growth we shall assume that the polymerization reaction is irreversible and that monomer addition occurs infinitely fast; that is, as soon as a monomer gets to x = L (t) it instantaneously adds to the end of the fibre. This implies that c, the concentration of free monomer at x = L (t) is zero, i.e. c(L ,t) = 0. Between x = 0 and x = L ( t ) monomer simply diffuses and hence must obey the diffusion equation:
where D is the diffusion coefficient. The motion of the fibre tip at x = L(t) is determined by mass conservation. The number of molecules reaching a unit area of (1) with the boundary moving as in equation (2 ) is:
where erf(x ) is the error function (Abramowitz & Stegun, 1964) , and the motion of the fibre tip at x = L (t) is the solution of the equation: To summarize our mathematical analysis we find that growth limited by diffusion of monomer to the growing tip would lead to a rate of growth in which L2 increased linearly with t as was found in the experiments of Tilney & Inoué (1982, 1985) . However, if actin polymerization from the barbed end of the actin filaments were the sole driving force responsible for the extension of the acrosome, the acrosome would grow considerably slower than observed.
APPENDIX 2
The osmotic m odel fo r acrosom al protrusion The osmotically induced water influx leads to an increase in the volume of the periacrosomal region and the growing acrosomal process. For water transport driven by osmotic and hydrostatic pressure differences we have: (6) where Lp is the hydraulic permeability coefficient and Ab the area of the membrane through which water is flowing. For convenience we refer to this region as the 'base of the acrosome' and hence the subscript B. The hydrostatic pressure difference between the base and the medium ispB~Po> while the osmotic pressure difference is Ajt. Here An refers to the total effective osmotic pressure difference caused by both ions and macromolecules. If the membrane is not ideally semipermeable, then a reflection coefficient would be included in Ajt, which would decrease its magnitude. The base increases in volume at rate d lB/d t, whereas the growing tube with cross sectional area/lx increases in volume at the rate Axd L /d t. To complete the model we need to relate the hydrostatic pressure in the tip,/)T, to the hydrostatic pressure in the base, p B, and relate the pressure in the base to its volume. To a good approximation one can show that:
, -L pAB[(pB -p Q ) -A j z ] =^+ A x^,
Central to this model is the assumption that as the volume of the periacrosomal region increases pressure is built up. We thus treat this region as an elastic vessel, i.e. we assume:
where K is the elastic modulus of the vessel and Vo is its original unstressed volume. Because we assume that there is excess membrane, the elasticity comes not from the membrane, but rather from the cytoplasmic material in this region.
Combining equations (7), (8 ) and (5) we find that:
where c\ and c2 are constants. As shown by Oster et al. (1982) the rate of change of VB can be determined from equation (6 ). However, since in Thyone the base doubles in volume in 50-70 ms, we can simply assume that VB is initially twice V0 and then study the development of the acrosomal process on a time-scale of seconds. Since the total volume of the extended acrosomal process is only a small fraction of 2V0, the enlarged volume of the base (-18 % if we assume the process to be a 90 fim long cylinder with a 0-05;Um diameter), we can assume VB remains approximately constant during acrosomal elongation. (Oster et al. did not make this approximation, but rather considered in detail the osmotic flows, the dilution of the material in the base due to water inflow and the transport of profilactin to the growing tip. From our analysis we conclude that VB is approximately constant.) Thus as long as Tm remains negligible one should observe growth in which L z increases linearly with time. However, once excess membrane runs out Tm will become appreciable and the elongation process will slow down and eventually stop.
APPENDIX 3
Osmotically coupled polym erization
In this Appendix we summarize the osmotically coupled polymerization model. We assume that substantial variations in the chemical concentrations of actin, profilin, etc. only occur in one dimension (see Fig. 3 , main text). Along this axis, which we call the x-axis, the tip of the acrosome is located at x -b(t) . The left boundary at b(t) is free to move. The boundary of the actin filaments is assumed to lie
